Abstract. To explore the double buffer damping performance of a new mechanical elastic wheel vibration (MEW), the structural transfer path of MEW vibration was studied using the evaluation method of path transfer ratio and insertion loss. According to the transmission path of the wheel's exciting force, the model of wheel vibration transfer path system was established. Combined with the analysis results of modal test, the response of the each vibration transfer path system was analyzed quantitatively, and the contribution of each transfer path of the wheel vibration was qualitatively evaluated. The analysis results indicate that the two paths have higher transfer ratio in each order natural frequency, the transfer ratio and insertion loss of path 2 are greater than the path 1 in low frequency, the transfer ratio and insertion loss of path 1 are little with the path 2 in high frequency. The analysis results reflect the objective law of the actual vibration transfer characteristics of the MEW, and provide a reference for the MEW structure optimization.
Introduction
The tire is the main component of vibration reduction, and the dynamic characteristics of the tire affect not only the operating stability, but also the driving smoothness and riding comfortableness of vehicle to a certain extent. Nevertheless, the vehicle passing ability will reduce, even losing the mobility when the tire is punctured damaged. Moreover, the vehicle still exist the blowout risk of tire at high speed. To change the situation of the existing tire, developing run-flat and anti-puncture tire to guarantee high performance and security has become a consensus of the world's major tire manufacturers. Therefore, researchers have recently focused their attention on non-pneumatic tires with different structures. But the non-pneumatic tires have the disadvantage of excessive weight, complex processing technology or cooling difficult and so on, furthermore, the proceeding is still in the stage of research and development. To solve the above problems, a mechanical elastic wheel (MEW) for the off-road vehicle is proposed. The MEW can be realized the basic function of traditional pneumatic tire, in additional, the problems such as stinging, puncturing and blasting damage have been avoided. Thus, the MEW is greatly satisfied with requirements of safe service for the special vehicles.
The vibration characteristics of tire and the vibration transfer characteristics of Mechanical structure had been widely studied for various models and for various boundary conditions. S.J. Kim [1] investigated the forced response for rotating tires under various loading using the REF model. I.F. Kozhevnikov [2, 3] investigated the vibration of a tyre using the model of a wheel with a reinforced tyre under various loading and various rotating situations. C.R. Dohrmann [4] investigated the dynamic analysis of a tire-wheel-suspension assembly using an inextensible circular ring on a foundation connected to the wheel. D. de Klerk [5] investigated the transfer path and vibration influence factors of tire noise using the experimental modal analysis and the operational transfer path analysis method. Doo-Man Kim et al. [6] only studied the vibration characteristics of non-pneumatic tire under various loading and rotating situations using the finite element method. Meanwhile, D.H. Guan et al. [7] and G.Q. Zhao et al. [8] studied the natural frequencies and modes of tires using numerical techniques and experimental modal analysis. However, researchers had rarely focused their attention on the vibration or vibration transfer characteristics of non-pneumatic tire.
The mechanical properties, trafficability and traction ability of MEW were systematic investigated by our research group, the results indicated that the proposed wheel had good trafficability, traction ability and small rolling resistance [9] [10] [11] . To further investigate the vibration transfer characteristics of the MEW, the model of wheel vibration transfer path system was established by the characteristics of double buffer damping. Combined with the analysis results of modal test, the structural transfer path of MEW vibration was studied using the evaluation method of path transfer ratio and insertion loss. And the contribution of each transfer path of the wheel vibration was analyzed quantitatively.
Structure of Mechanical Elastic Wheel
MEW is mainly consisted of elastic wheel (rubber tread, elastic bead ring, clasps), hub, pins, hinges and other accessories as shown in Fig.1 . In the process of the operated MEW, the vertical loading and torque are transferred from the axle to hub, and it is transmitted to the elastic wheel through hinges. The state of hinges is changed from equilibrium to preload. The obvious flexure deformation appeared in the tangent parts between elastic wheel and the ground under the action of vertical loading. The deformed tendency of the radial shrink appears in the upper parts with respect to the free conditions, it is similar to the elliptic type. Then the generating pulling force overcomes the static friction force of the wheel in ground contact to impelling the wheel forward. Based on the design of wheel structure, the hinges only load on pulling force rather than pressure. The hub is suspended in the elastic wheel depending on the tensile strength of hinges. The hinges that closer to the ground are slightly curved, the hub slips a distance relative to the free condition downward under the action of vertical loading. The elastic wheel endures most of the excitation from the road when the wheel is moving, displays elastic deformation instantaneously, and instantaneous bending of hinges has been relieved accordingly. Meanwhile, it is shown that the transmitting type of the MEW structure has become not only high efficiency and excellent adhesion ability, but also favorable buffer damping and passing ability. Therefore, the buffer damping performance of MEW is different from the ordinary pneumatic tire.
Model of Structural Transfer Path System for MEW Vibration

Model Description
The exciting force caused by bump did not directly to the central axis of the wheel when the MEW driving on uneven road. Firstly, the elastic deformation of the bottom of elastic wheel (compression region) alleviated this kind of excitation, and instantaneous transmission to the upper part of the elastic wheel (tensile region), the elastic deformation in upper part of the elastic wheel alleviated the excitation, and through rigid hinges to the center axle wheel. The double buffer damping performance of MEW was realized by the transfer path of the structure. Assume the compression region was set to the transfer path 1, the tensile region was set to the transfer path 2, and the analysis principle diagram was shown in Fig. 2 . According to the characteristics of the structural transfer path of the MEW vibration, the system model of the equivalent vibration transfer path was shown in Fig. 3 . 
were used to represent the excitation when the complex frequency response of the system was analyzed, and the response vector of the steady state system as follows:
where s X and r X represented the real numbers depending on the excitation frequency and the system parameters, s  and r  were the phase angle of the vibration source and acceptor, respectively [13, 14] .
Path Transfer Ratio
To define the path transfer ratio of the MEW vibration, the hub was set to the acceptor which was rigid. And k and c were the stiffness and damping of the transfer path, respectively. 
The amplitude of the steady state response could be expressed as:
The response of the acceptor was transmitted by the spring and damper of the vibration transmission path, and its transfer force could be expressed as:
Substituting Eq. (6) into Eq. (3) yielded the each path transfer ratio, one obtained: 
Path Insertion Loss
According to the in-plane radial vibration characteristics of the MEW, and the acceptor (hub) was only used as a single direction movement in the vibration transfer path system. Therefore, the importance of each path was evaluated only by the speed insertion loss. The Calculating formula of the speed insertion loss could be expressed as: where f x  and r x  were the speed response of the acceptor before and after the connection of the path, respectively.
To evaluate the contribution of each path in the double buffer damping of MEW vibration, and the method of separating path was used to analyze the path insertion loss. Firstly, removed the path 1, retained the path 2, the parameters in the differential equation of vibration of the system could be expressed as: 
Thus can be obtained:
The amplitude of the steady state response could be expressed as: (12) The speed response of the system before the path was separated could be written as:
According to the formula of the velocity insertion loss, when the path 1 was separated, the insertion loss of speed response could be expressed as: According to the above analysis process, removed the path 2, retained the path 1, the insertion loss of speed response could be expressed as: The test wheel was a mechanical elastic wheel, it was mounted on the Suspended platform, and the test and analysis apparatus were listed in Table 1 . Modal test system for the free suspension MEW, the MEW was under the free suspension state that was shown in Fig. 4 . According to the hammering method, the radial vibration excitation test was executed. The wheel response in the radial direction was measured with the acceleration sensor, and at some locations, the response in all three translational directions was found. Set the frequency band of 512Hz and the frequency resolution of 0.83Hz, and all data were logged on an LMS Test. Lab system, connected to a computer workstation. Since the natural frequency of the suspension system was very low (less than 1 Hz), and was far below the tire first natural frequency (about 30 Hz), the influence of the suspension system on modal parameters could be ignored. The above analysis showed that the two paths had higher transfer ratio in each order natural frequency. The each path transfer ratio between the first and second order natural frequencies was more clearly, and the transfer ratio of path 1 was close to the path 2 after the third order natural frequency. It could be drawn that the transfer ratio of path 2 was greater than the path 1 in low frequency, the transfer ratio of path 1 was close to the path 2 in high frequency. Through the overall quantitative analysis, the path 2 was greater contribution to the vibration of the acceptance structure.
According to the Eq. (14) and Eq. (15), the relation between the velocity insertion loss 1 IL and 2 IL of each vibration path and excitation frequency , as shown in Fig. 6 . From the result shown in Fig. 6 , the insertion loss of path 2 was greater than the path 1 in low frequency, and the insertion loss of path 1 was little with the path 2 in high frequency. To quantitatively evaluate the importance of each path, the mean value of the intervening loss could be used as an effective evaluation index in a certain frequency range, its formula was as follows: , and it showed that the path 2 was greater contribution to the vibration of the acceptance structure. Therefore, the optimization design of the wheel and rim structure should be combined with the equivalent stiffness of MEW.
Summary
(1) Aiming at the characteristics of the double buffer damping of MEW, the model of wheel vibration transfer path system was established by the transmission path of the wheel's exciting force, and the transfer ratio of each transmission path was analyzed. The first six order natural frequencies of the wheel were obtained by the modal test, and the response of the each vibration transfer path system was analyzed quantitatively. (2) Combined with the analysis of path transfer ratio and insertion loss, the contribution of each transfer path of the wheel vibration was qualitatively evaluated. The analysis results indicated that the two paths had higher transfer ratio in each order natural frequency, the transfer ratio and insertion loss of path 2 were greater than the path 1 in low frequency, the transfer ratio and insertion loss of path 1 were little with the path 2 in high frequency. Through the overall quantitative analysis, the path 2 was greater contribution to the vibration of the acceptance structure. The analysis results reflected the objective law of the actual vibration transfer characteristics of the MEW, and provided a reference for the MEW structure optimization and the vibration transfer characteristics of the whole vehicle.
